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Abstract 
Optical Multi-Sensor-Measurements in the shop are often affected by external influences which dominate the quality of the 
measurements and disable low uncertainties. In this approach simulations are carried out to estimate the uncertainty contributions 
when the gravity point is set on external influences as they dominate production environments. The results are gained by different 
simulation types and are validated on two applications. The systematic contributions on the measurement uncertainty can be partly 
compensated a priori and the needed test time as well as efforts for modifications of the prototypic measurement systems can be 
reduced. So, the presented method leads to reduced costs for designing and implementing optical multi-sensor-metrology for 
efficient production.  
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1. Introductiona 
Optical Metrology is used in many industrial 
applications because of the advantages of non-contact 
and reliable measurement results especially for moving, 
damageable or flexible measurement objects [1]. 
Unfortunately in the shop there are many additional 
environmental influences affecting to the measurement, 
which often have not been occurred in the laboratory: 
dust, vibration, thermal drift of the ambient air, 
inconsistent part temperatures and high moving speeds 
of the objects.  
Furthermore, many measurement methods are 
predominantly set-up for laboratory conditions: offline-
measurements with high-precision. Bringing the 
methods or furthermore multi-sensor-systems to the shop 
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requires the abilities of resisting these constraints and 
still dealing precise.  
Finally, there is often a total rework of the prototype 
and many expensive tests in the shop – with loss of 
production, waste or rework – necessary. In order to 
enlarge the range of the aptitude for these methods and 
to bring them faster to industry, simulations can be 
carried out preventively.  
So, the environmental influences could be categorized 
concerning to their expected effect on the result. There is 
potential of forecasting the maturity of a prototype with 
the objective: adequate dimensional measuring of real 
parts [2].  
Additionally, critical aspects can be systematically 
determined and improved. Hence, the examinations are 
specifically carried out for two current fields of research: 
optical multi-sensor metrology concerning the geometry 
of 800 °C warm and > 10 m/s moving extruding profiles. 
And: interferometric high-precision dilatometer for 
bushings with diameters of ~ 50 mm and over 
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temperature ranges from 20 - 350 °C in nanometer-scale 
[3].  
The simulations are consequently set up according to 
the GUM (Guide to the expression of uncertainty in 
measurement) and in a MATLAB-environment [4, 5]. 
Both results are compared concerning the estimated 
uncertainty budgets caused by external influences. 
Hence the systematic deviations caused by these 
influences can be compensated. Production processes 
and as well the used measurements for the process 
control are affected by several influences which 
dominate the quality of the produced parts [6]. 
Especially when technical processes have to be fast, deal 
with high volumes or are used in mass production there 
is the demand for measurement systems which can 
support the statistical process control. So, there are a 
100 % control with low measurement uncertainties and 
accordingly high accuracies of the installed coordinate 
measurement devices necessary [7].  
Therefore, in-line measurements – ideally automated 
and as part of the control of the process – directly in the 
shop have to be enabled. To the same time, the results 
must be robust and accurate [8]. Mostly, optical multi-
sensor measurement methods can serve with fast, 
holistic results [9]. 
1.1. State of the arts and deficits 
Unfortunately, in several processes the environmental 
influences avoid those installations because the 
sensitivity of the devices against the influences is too 
definite. Then the accuracies are hardly to realize and the 
qualification of the systems requires great amounts of 
time and complicated test cycles in the shop floor (see 
1.2 and 2.1). Accordingly, the production process during 
thus tests has to be interrupted and can be influenced 
negatively. Anyway there is the additional risk of small 
success.  
Finally, the capable production processes with small 
variance concerning their quality parameters can then 
not longer be ensured over the test cycles or need high 
amounts of costs in advance. E.g. in the scene of 
manufacturing extruded profiles there is the need for 
high technical accuracies in μm-range with constant 
small deviations because the tolerances of the customers 
are getting smaller and smaller (2.4), [10].  
These manufactured semi-finished parts – used 
because of economic reasons in bushes or tools – often 
shall be used with less rework according to several 
geometrical specifications which have to be controlled, 
e.g. length, form, indirect mechanical stability (2.3), 
[9, 10]. MU (Measurement uncertainty) over 10 % of the 
tolerance in this stage can affect in violating GPS 
(Geometrical product specifications) unseen what leads 
to failures, early malfunction or defects of modules like 
turbo aggregates or combustion engines.  
The mechanical problems occur just later on in the 
field [11]. So, multi-metrology methods – accurate, with 
rising acceptance and often optical – have to be applied. 
1.2. Influences on optical multi-sensor measurements in 
the shop and objectives 
The most common influences are: temperature 
gradient (on system and object), deviations in angles and 
distances of the optical path occurred by vibration and 
settlement of mechanical fixtures, varying radiation of 
warm parts on the measurement system and dust 
(Fig. 1).  
During past research projects there has successfully 
been shown that the fundamental knowledge from 
realistic in-line qualifications helps to minimize the 
influences by e.g. suitable cooling applications and 
sensor adjustments with optimal methods of 
compensating systematically (2.4), [3, 6]. With respect 
on the conception, realization and testing of innovative 
mock-ups for these challenges of in-line metrology it is 
of rising importance and necessity to replace the real 
tests partly or sometimes completely by preventive 
simulations (3.).  
2. Fundamentals 
In-line conform simulations must consequently reflect 
the real situation (Fig. 1) in the process and analyse the 
quantitative effects on the measurement. Therefore the 
MU-results have to be allocated in absolute and relative 
scale according to the state of the art [12]. The budget of 
the several contributions of the influences resulting in 
rising MU must be determined in order to minimize the 
most relevant factors significantly [13].  
Furthermore the simulation embodies the base for the 
monetary view on improvement and waste reduction at 
the dominant influences. The MU estimations can be 
given and visualized a priori. 
2.1. Modeling and block diagram 
The models of the simulation are supported by 
analytical formulations of physical interrelationships and 
partly on numerical derived simulations which allow 
non-linear relations and real-time based simulations [14, 
15].  
So, on the one hand the simulations are realized in 
MATLAB and on the other hand in a scientific validated 
tool for calculating measurement uncertainties by 
simulation according to the GUM: the GUM-Workbench 
[16]. The block diagram is the base for creating a 
physical model and then algorithms (Fig. 2).  
63 Albert Weckenmann and Johannes Bernstein /  Procedia CIRP  10 ( 2013 )  61 – 69 
 
100
10
Measurement uncertainty of 
multi-sensor measurement
Operator Measuring device
Environment MethodMaterial
qualification
motivation
experience
care
positioning
camera system/interferometer
regulation
periphery
design
Magnetic fields
electrical fields
dust dirt
geometry
friction coefficient
deformation
thermal expansion
stiffness
air temperatur
vibration
humidity
principle
strategy
analysis method
data fusion
calibration
software
processing
components
resolution
measuringcharacteristic
line loss
filtering
wavelength
resolution
distance
angle
sensitivity
1
U
y
Y = y ± U (kp)
U
 
Fig. 1. Ishikawa illustration of optical multi-sensor-measurements in 
the shop with hypothetical multipliers for different influence groups; 
high importance of the environment, uncertainty distribution of 
Gaussian noised influences and measurement processes; very often 
final result of many mixed distributions (random and systematic 
sources) 
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Fig. 2. Block diagram for simulations with the optical high-precision 
dilatometer including the internal temperature measurement 
The GUM gives the steps of creating the simulation 
for MU analytically [4, 5]. Finally both results can be 
compared and the advantages of both approaches are 
given. The simulations are as well supported by the 
Monte-Carlo-method for simulating high quantities of 
virtual produced and measured parts for a well funded 
realistic data base.  
Hereby the expected contributions which are 
simulated will be noised by a statistically and randomly 
working noise-generator from a deviation of values with 
standard uncertainties. Thus values are partly known 
from experiments or physical rules [17]. The idea is to 
represent the random and systematic deviations on 
realistic level and to simulate a long measurement cycle. 
So, improvement activities can be recommended and 
stated a-priori. They can also be stopped if there are no 
economic effects expectable.  
The simulations have to be designed modularly and 
transferable to similar problems, classical in-line 
measurements and production processes with adapted 
metrology control. The presented approach embodies the 
arising demands of the market for more integrated 
measurements in the machine or process. 
2.2. Simulations in MATLAB and GUM-Workbench 
The simulations are shown and validated with 
suitable and realistic design of experiments. The analysis 
enables illustration of the MU, its histogram and the 
single MU-budgets. The input values can be respected 
and realistically noised. The distributions of the used 
model parameters can be Gaussian-distributed, Raleigh-
distributed if e.g. physical borders are given (e.g. 
eccentricity) as well as square-distributed [16].  
The design of experiments (methods of DoE) can be 
run in short times (runtimes of seconds) for different 
adjustment parameters instead of highly time consuming 
real measurements, what gives the optimal information 
about the measurement consisting of the measurement 
system, the method, the process, the environment and 
the operator (Fig. 1).  
The results can be extended by other effects in further 
research. In the next step the designed and 
fundamentally tested simulations and algorithms have 
been validated on two prototypes at the QFM (Chair 
Quality Management and Manufacturing Metrology, 
University Erlangen-Nuremberg). Dominant parameters 
are the temperature effects and the resulting influence on 
the optical paths and the reconstruction of the 
measurement values.  
The simulation results are exemplarily shown for two 
research areas (2.3, 2.4). They are set-up on MATLAB 
and the GUM-Workbench (later presented in Fig. 18, 
19). The MATLAB simulations can operate in real time. 
The MU can be figured out and used for capability 
analysis of the in-process measurement in the shop (1-5). 
Correlations of length or volume deviations l or T can 
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e.g. as well be physically represented. Therefore the 
average value μi can be calculated from measurements of 
j (1).  
The uncertainty calculates to (2) without correlation 
(S is the standard deviation, S2 the variance and k the 
number of measurements). The expression enhances to 
(3, 4) when correlations are expectable. The correlation 
coefficients r(Xi, Xj) have to be estimated by sample tests 
of {(xj1, xj1),…(xjM, xjM)} to (4, 5). 
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2.3. Optical High-Precision Dilatometer with in-line 
compensation for bushes 
The simulations have been carried out for a high-
precision dilatometer for warm bearings which is based 
on the interferometric principle [18]. Therewith the 
geometrical behaviour of sample parts can be controlled. 
It is necessary concerning to the products’ properties 
demanded in typical final products. In order to set the 
temperature a regulated heat source controls the parts 
temperature. At the same time the dilatation index of the 
parts (e.g. brass compositions) has to be measured very 
accurately down to the nano-scale in order to gain 
information about the composition and its thermal 
properties [19].  
Conventional systems count on inductive or 
capacitive principles and are not as accurate. In opposite 
the innovative concept design which was virtually 
realized at QFM uses a triple-mirror interferometer 
which is connected to the measurement object by special 
optics and mechanics (Fig. 3, 4, 5).  
The used interferometer has a physical resolution of 
better 1 nm (red wavelength). But several constraints to 
the measurement and the temperature measurement 
needed for the Edlen-compensation influence the usage 
in the manufacturing (e.g. the high precision temperature 
measurement) [20, 21].  
The equation then continuously compensates the drift 
of the diffractive index in the air affected by humidity, 
temperature and pressure (6-10). The parameters herein 
respect the density , the wavelength 0 and specific 
factors [21]. 
In order to minimize the costs for the full mock-up 
with the miniature interferometer, expensive form parts 
would have been essential: zero expansion glass 
ceramics, heating energy and the influence of the tube 
furnace on the environmental area in laboratories or 
production lines. 
There had been set up pre-tests with materials 
concerning friction and the mechanical components 
(Fig. 5, 6, 7). After the pre-tests the prototype was 
virtually designed and simluated. 
l
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Fig. 3. Optical dilatometer with measurement principle 
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Fig. 4. Design of the virtual prototype with triple mirror interferometer 
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Fig. 5. Real tests concerning to tribological functionality 
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Fig. 6. Mock-up for friction tests with different materials 
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Fig. 7. Mechanical link-up between friction coefficients and their 
compensation; hereby illustrated the competing materials glass and 
special ceramics (Zerodur®) 
As a result the prototype was virtualized for 
simulations [22, 23]. Together with known parameters 
from pre-tests, geometrical sizes, adjustments and 
datasheets the simulation was prepared for equivalent 
more than 20 h in the production area. Main objective 
was to figure out if the temperature control (multi-
measurement system with Pt100) has a significant 
impact to: high-precision accuracy of the interferometer 
with about one magnitude better uncertainties compared 
to current dilatometers [24, 25].  
The functional model of expansion over temperature, 
volume and time is done via solution terms (11-15). The 
gained results from the volumetric  can easily be 
transferred to the length factor  . Afterwards, the 
equations can be linearized for further use (14, 15). 
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2.4. The Optical Multi-Sensor Measurement system for 
extruded profiles (OMS) 
The second individual application for benefits by 
simulating and compensating systematically represents a 
novel optical multi-sensor-measurement method for 
production control of extruded profiles. It has originally 
been realized in a prototype in 2010 at QFM [6]. The 
system combines the shadow method and several light-
section systems to a compound of high accuracy and 
data density (Fig. 8, 9), [3]. 
The idea of constitutive data quality was realized 
under the use of appropriate construction elements, data 
fusion, fast and robust algorithms in individual software 
and several robustness validations and cooling 
applications [26, 27]. By using provisions and 
compensating strategies the in-line measurements 
operate with acceptable uncertainties of < 20 μm 
(measurement range ~ 100 mm, concave shapes), [28]. 
Classical systems achieve only uncertainties of 100 μm 
and cannot measure 360° contours. The prototype in-line 
calibrates with 20 frames per second (fps), can measure 
brass materials and as well several others like e.g. fibre 
tapes. It resisted the shop floor environments for a time 
period > 100 h.  
With respect to the space needed, installation time 
and costs in 24 h production the further research was 
partly made by the here presented simulations. The 
external influences in metrology are presented in 1.2: 
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thermal effects, occurring vibrations from different 
frequencies and resulting quasi-static deviations of 
sensor adjustments (stated to zero in typical optical 
prototypes). Constraints were: 20 fps, first run, concave 
shaped profiles. 
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(a) (b)  
Fig. 8. (a) OMS in prototypic design; (b) Real prototype for the 
laboratory QFM in 2010 
shear
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damper
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Fig. 9. (a) Shop floor re-configuration; (b) Application for real 
measurements at the Diehl Foundation & Co. KG in 2010; 
environmental influences, part temperature T = 800°C, v = 10 ms-1; 
mechanical vibrations of the measurement objects: 5-10 Hz 
3. Results 
The simulation results for the dilatometer show, that 
the temperature measurement is not critical for the 
mock-up if the standard deviation of the Pt100-systems 
< 0.2 K (typical limit). The simulations are designed to 
structured procedures (Fig. 10). 
The validation for the OMS was conducted with one 
standard profile (lock profile, geometrical view: two 
circle areas and two straight areas represent the 
boundary). So, the system could be improved to better 8-
10 μm by using simulations and systematic 
compensation (later in Fig. 15 and Table 1). The 
temperature stabilization and adjustment of the cooling 
device could be optimized with the use of the gained 
results.  
The probability of avoiding waste in production by 
applying more accurate measurement technologies 
improves the quality of parts and production [29]. 
Fig. 11 and Fig. 12 illustrate – based on virtual design of 
experiments – that typical accuracies of temperature 
measurement systems with Pt100 (Resistance 
thermometer sensor with nominal 100  at 20°C) result 
in a budget of about 30 % of the prototypes’ 
measurement uncertainty. 
MATLAB-Simulation: dilatometer for bearing bushes
1. Program part: function temperature measurement Pt100
2. Program part: function interferometric measurement
- declarations
- start of timer-functions (activates 2. program part)
- calculation temperature
- calculation length expansion (thermal coefficients)
- calculation of the MU-budget according to 
interferometer and Pt100-sensors (Gaussian distributed)
- Addition of length expansion + MU-budget contribution
- Saving data, relating temperature virtually
- Requesting if temperature reached final value
- Determination of the timer function
 
Fig. 10. MATLAB simulation structure realized for the dilatometer, 
two main program parts 
A B C
19 1 -1 -1
20 1 -1 0
21 1 -1 1
22 1 0 -1
23 1 0 0
24 1 0 1
25 1 1 -1
26 1 1 0
27 1 1 1
control factor (start 350°C) step -1 step 0 step 1
A number of sensors 2 4 6
B accuracies of sensors 0.05 0.1 0.2
C  time of expectations in s 1 5 10
A B C
10 0 -1 -1
11 0 -1 0
12 0 -1 1
13 0 0 -1
14 0 0 0
15 0 0 1
16 0 1 -1
17 0 1 0
18 0 1 1
A B C
1 -1 -1 -1
2 -1 -1 0
3 -1 -1 1
4 -1 0 -1
5 -1 0 0
6 -1 0 1
7 -1 1 -1
8 -1 1 0
9 -1 1 1  
Fig. 11. Design of experiments for testing with several factors; three 
steps (-1, 0, 1) and three factors (A, B, C) are respected, start 
temperature is 350°C, accuracies of sensors in Kelvin; here: cooling 
down phase to room temperature (20°C) 
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Fig. 12. MU-budget, determined with GUM-Workbench, the 
calculated  = 18,4·10-6K-1, l0 = 40,243 mm (350 °C  623 K), normal 
distributed deviations 
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Fig. 13. Simulation results of in-line measurements with the 
dilatometer, temperature over time; here: one measuring point 
highlighted after 190s of running the virtual experiment in cooling 
down phase 
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Fig. 14. Cooling down simulation during the virtual measurement, 
here: temperature over length of the virtual probe, temperature 
area: 350°C to 345°C 
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Fig. 15. Uncertainty budgets of the interferometer and its temperature 
measurement system; figured out for three scenarios of uncertainty 
contribution by the temperature measurement system as the dominate 
factor of systematic contribution for the length measurement, here: 
UT = 0.2K, 0.05K, 0.025K 
Fig. 13, 14 show the concrete timely in-line 
simulation of the measurement and the differences of the 
absolute budget depending on the accuracy of the 
temperature measurement. 
Fig. 15 illustrates the budgets of length measurement 
and integrated temperature measurement.  
Fig. 16, 17 demonstrate the measurement with the 
OMS with histogram view in absolute scale and the 
cumulative curve. In Table 1 there are the classical 
statistical values figured out for the standard lock profile 
(here: for the perimeter to simplify the influence of the 
measurement of the different characteristics or form).  
In Fig. 18 and Table 1 is recognizable where the 
differences between the MATLAB and two different 
(one is linearized) GUM-simulations – concerning the 
OMS – are. The differences can be figured out < 4 μm 
concerning the systematic effect (presented by the 
position of the curve) and < 7 μm according to the 
random effect (presented by the variance of the curve).  
The values are related to the first results and can be 
used for calibration of the real systems. Very often it can 
be improving the first runs of prototypic systems in the 
shop (e.g. compensating systematic effects) as well as it 
is useful for evaluations of the robustness of a system 
(e.g. variance of random effects). 
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Fig. 16. Histogram for the measured perimeter of the lock profile, 
relative frequency, generated in MATLAB, based on an amount of 
2000 virtual measurements, 40 groups created; Blue: cumulative 
distribution, black: normal distributed 
40 groups
83.08     83.09     83.10     83.11     83.12      83.13  83.14 
perimeter of the lock profile in mm
100
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0
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Fig. 17. Cumulative frequency in % for the measured perimeter of the 
lock profile, generated in MATLAB, based on an amount of 2000 
virtual measurements, 40 groups created; Blue: cumulative 
distribution, black: normal distributed 
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Table 1. Results from the simulations for the lock profile, virtual OMS 
measured, standard size, schematic cross section, perimeter: 81.9 mm, 
start T: 800°C +/- 16°C, air T: 20°C +/- 3°C, v of the profile: 5m/s +/- 
5%, angle deviations in xy, xz, yz: each 0.5° +/- 0,5°, angle deviation 
laser: 0,5 ° +/- 0.5°, temperature variance of the camera: 40°C +/- 3°C 
2000 measurements, virtual 
OMS 
MATLAB 
result in 
μm 
GUM 
result in 
μm 
difference 
(rel. %) 
arithmetic average 
(systematic effect) 
200.301 200.299 < 0.1 % 
standard deviation (random 
effect) 
36.3 37.0 1.89 % 
arithmetic average (analytic) --- 200.299 0 % 
standard deviation (analytic) --- 37.3 2.68 % 
 
GUM (analytical)
s ~ 6.3μm; 
C ~ 3.1μm
MATLABGUM (Monte Carlo)
83.09           83.11          83.13           83.14    l in mm
s xaverage GUM 
(Monte Carlo)
xaverage MATLAB xaverage GUM 
(analytical)
normal 
distribution
density
 
Fig. 18. Results for the OMS, comparison between MATLAB (black), 
GUM-Workbench linear (blue) and the Monte-Carlo results (magenta) 
after temperature
compensation
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(a) (b)  
Fig. 19. Uncertainty budget per system (relative) of T0, Tu, rotlaser and 
several angles of the used cameras; (a) before compensation of 
temperature effects of the measured profile; (b) with compensation of 
temperature effects of the measured profile 
In Fig. 19 there is illustrated how the results can be 
improved by temperature compensation (in relative scale 
based on Fig. 18). The high effect of drifts in T0 and Tu 
can be eliminated.  
Classical data processing of the used dimensional 
reconstruction would be affected with the high budgets 
of temperature. Under use of temperature measurement 
and additional methods for compensation, it is capable to 
correct it. Only smaller contributors like tilts of the 
angles of cameras and lasers (inside the OMS) are still 
contributing. The absolute uncertainty is reduced to 
values up to >80 %. In order to achieve optimized results 
in the shop there is a high impact on systematic 
corrections which can be settled a priori by the here 
presented simulations. 
4. Conclusion and Outlook 
The here presented work showed, that optical multi-
sensor measurement tasks can effectively be supported 
by simulative tests which respect the environmental 
influences in manufacturing process.  
So, the real test time can be reduced and methods and 
prototypes can be improved. The software assisted 
simulations are agglomerated with knowledge from 
datasheets, pre-tests, experts and real measurements. The 
comparable and repeatable uncertainty budgets, 
sensitivity coefficients and correlations are gained for 
high part volumes in short time in opposite to days 
needed with measurements. Moreover they keep 
sustainability for the capability of metrology concepts in 
production.  
The validation was successfully accomplished at 
optical applications with different physical measurement 
principles. They underline the function-oriented 
approach of compensating environmental influences 
systematically.  
MATLAB and GUM-Workbench varied less than 
3 %. The coverage of 97 % was a very good first value 
of acceptability. Single factors of influence can be 
figured out with a higher reliability. Normally they 
cannot easily set to constant values and then can be used 
for calibration or systematic corrections during the 
measurements. The knowledge and the results are 
transferable on similar in-line measurements and can be 
enlarged with more factors and correlations.  
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